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I. INTRODUCTION
Chemical kinetics, the study of rates and underlying mechanisms of chemical reactions, plays a fundamental role in our understanding of chemistry. Since the pioneering research of Wilhelmy 1 on the rate of hydrolysis of sucrose, chemists have pursued new experimental methods to measure the time evolution of reactions with greater selectivity and sensitivity. In the field of gas phase reactions, the flash photolysis technique developed by Porter and Norrish 2 provided sufficient time resolution and selectivity to measure the concentration of transient species. The ability to observe these reaction intermediates has greatly advanced our ability to test chemical reaction mechanisms.
Although gas phase chemical kinetics is well established, significant challenges remain that can be addressed with new experimental capabilities. Two problems of great importance that have been difficult to unravel are the isomeric nature of reaction products and the study of interlinked sets of reactions. In this paper we describe a new experimental apparatus capable of addressing these and other contemporary problems in the study of reaction mechanisms.
To frame the challenge, we propose ideal capabilities of a chemical kinetics experimental apparatus suited to detection of neutral reactants, intermediates, and
products. An ideal detection strategy should be universal (applicable to all atoms and molecules), multiplexed (detecting all species simultaneously), selective (resolving each structural isomer of each species), and sensitive (detecting low species concentrations).
Furthermore, the temperature and pressure in the reactor should be variable over a wide range to explore how thermal energy and collisions reveal the shape of the potential 3 energy surface. Finally, the technique should have sufficient temporal resolution to measure rate coefficients spanning several orders of magnitude.
Our apparatus, consisting of a side-sampled flow tube reactor, flash photolysis initiation of reactions, and synchrotron photoionization mass spectrometry has the potential to meet all of these goals. Because all neutral atoms and molecules can be ionized, mass spectrometry is in principle a truly universal technique, and in practice nearly so. Multiplexed detection of a wide range of masses is possible with many mass spectrometric instruments, including sector, time-of-flight, ion cyclotron, and ion trap spectrometers. Mass spectrometers are inherently selective by sorting species according to their mass-to-charge (m/z) ratio. Finally, the ability to detect single ions against nearly zero background makes mass spectrometry highly sensitive.
However, conventional electron bombardment ionization of neutrals, using electrons with 70 eV kinetic energy, suffers from two main drawbacks. First, significant fragmentation occurs during ionization, so that a single neutral species produces cations at the parent mass and many lighter fragment masses, leading to complex mass spectra.
Fragmentation occurs because the incident electron provides sufficient energy to both ionize the neutral and break chemical bonds in the resulting cation. Second, although different structural isomers in general have distinct fragmentation patterns that can provide secure structural assignments, a complex mixture of species generates many overlapping fragmentation patterns, from which a unique determination of the mixture composition is generally not possible. 3 Both drawbacks can be avoided by ionizing a molecule within a few electron volts of its ionization energy (IE).
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To distinguish each structural isomer, we take advantage of the fact that different structural isomers of the same m/z ratio (for example, allene (H 2 CCCH 2 ) and propyne (HCCCH 3 )) in general have different photoionization efficiency (PIE) spectra (ion yield vs. excitation energy). In particular, the PIE curve of each isomer generally has a distinct IE (threshold for ionization), shape (determined by Franck-Condon overlap of the neutral with the cation), and intensity (ionization cross section).
Although several groups have succeeded in implementing low-energy, tunable electron-bombardment ionization, 4 the low flux and poor energy resolution of the electron beam leads to reduced sensitivity and selectivity compared to photoionization.
The historical disadvantage of single-photon photoionization is the difficulty of making vacuum ultraviolet photons in the 6.5 -16 eV range that are simultaneously intense, widely tunable, spectrally narrow, and of high duty cycle. The development of modern synchrotron radiation has largely eliminated this disadvantage, and is a key component in the success of the present apparatus.
Our instrument's design is inspired by the successful photoionization mass spectrometer (PIMS) of Slagle and Gutman, 5, 6 which uses fixed-frequency VUV radiation from microwave discharge lamps to form photoions that are analyzed with a quadrupole mass spectrometer. Conceptually, we have made two major modifications to their approach. First, our photoionization method utilizes radiation from the Chemical Chemical reactions occur in a variable temperature (300 -1000 K) and pressure (1 -10 Torr) flow tube reactor. We use pulsed-laser photolysis of precursor molecules to create uniform densities of reactive free radicals on a timescale short compared to their reactive decay. To maximize the efficiency of data collection, molecules should be detected in a continuous fashion, beginning before the radical-generating laser pulse and continuing until chemical reactions have run their course. Reaching this goal requires both a continuous (i.e., not pulsed) photon source and a continuous mass spectrometer.
In fact neither the photons nor the mass spectrometer need be truly continuous, but if pulsed, they should have a repetition rate greater than the desired detection bandwidth.
The quasi-continuous nature of the ALS radiation led to our selection of a miniature 
II. EXPERIMENT
The experimental apparatus comprises four main sections: A) the chemical reactor and vacuum system, B) the photoionization source, C) the mass spectrometer, and D) the ion detector and data acquisition system. Each section will be described in detail below.
A. Chemical reactor and vacuum system
A cross section view of the multiplexed photoionization mass spectrometer is shown It is important to differentiate the side-sampled, slow-flow reactor in this work from end-sampled, fast-flow reactors 15, 16 common in gas phase chemical kinetics. In our slowflow reactor, we create an initial distribution of radicals that becomes both radially and axially homogenous on a timescale short compared to the bimolecular kinetics under study. As a result, the time-dependent concentration changes due to chemical reactions are independent of the radial and axial position from which a sample is extracted, and therefore accurate measurement of the bulk flow velocity is not required. By contrast, in the fast-flow technique, the radical species is added to the flow using a moveable injector at a series of i discrete axial positions d i , where d i is the distance along the tube centerline between the injector and the sampling orifice. In this case the time-dependent species concentrations are converted into a spatial dependence, and it is therefore important to measure the bulk flow velocity accurately. In both designs, all species (including free radicals) will have many collisions with the walls of the reactor before emerging through the sampling orifice. The inner surface of the flow tube must therefore be made sufficiently inert that first-order radical loss on the reactor walls is slower than loss by gas phase reactions. At each pressure and temperature, the total gas flow rate is adjusted to maintain a flow velocity of ~ 400 cm s -1 . At a laser repetition rate of 4 Hz, these conditions provide a fresh sample of gas for each laser pulse. The portion of the excimer laser beam that propagates down the reactor tube is not perfectly uniform. In practice, this inhomogeneity is minor if the laser is well-aligned through the tube. Furthermore, in order to assure radially-uniform initial radical density, the total pressure is kept low so that gaseous diffusion smoothes any inhomogeneity on a timescale short compared to the 9 pseudo first-order reaction rate under study. Axial homogeneity is achieved by maintaining sufficiently low densities of the radical precursor such that the laser intensity change due to absorption is negligible along the length of the reactor tube. In a bath gas of helium, the required homogeneity of radical density is observed at least over the pressure range of 1 -10 Torr.
The remainder of the vacuum system consists of two turbomolecular pumps, of pumping speeds 1600 L s -1 and 700 L s The third-generation ALS synchrotron extracts VUV radiation (7.2 -25 eV), from a 1.9 GeV electron storage ring using a 10 cm period undulator, producing a nominal flux of 10 16 photons s -1 with a 2.5% bandwidth. 17 The radiation passes through a windowless 
C. Mass spectrometer

11
The goal to continuously probe reactants and products simultaneously over a wide range of masses led to the selection of a miniature double-focusing sector mass spectrometer ( Fig. 2 ) of the Mattauch-Herzog geometry. 9 This spectrometer has only DC electric fields, providing 100% duty cycle and a straightforward separation of the mass resolution from temporal (kinetic) resolution. The detector, power supplies, and control electronics were purchased from Intelligent Ion (now OI Analytical). The ion optics were redesigned for compatibility with photoionization.
After acceleration, the ions are dispersed by kinetic energy in the electrostatic sector.
The central section of the ion beam (with narrower kinetic energy spread) passes through a slit into the magnetic sector (0.94 T permanent magnetic field), where the ions are spatially dispersed according to the square root of their mass. The ions come to a focus in the plane of dispersion at the exit face of the magnet, with a potential energy of 0 V.
In the Mattauch-Herzog geometry, for any ion i, the relationship between the spatial position x i (cm) along the x-axis of the detector to mass m i (amu) is given by:
where R (cm) is the radius of curvature of ions with kinetic energy E k (eV) and charge +z in a magnetic field B (T).
The overall length of the mass spectrometer is on the order of 7.5 cm, significantly smaller in size and weight than most sector mass spectrometers. Mass resolution will be discussed in section III.A.
D. Ion Detector and data acquisition system
At the exit face of the magnet, all ions within a variable mass range of ~8 × (e.g., m/z = 14 -112) strike the active area of a time-and position-sensitive microchannel plate detector with a delay-line anode. 18 The position and time of arrival with respect to the photodissociation laser is recorded for each ion observed in a single data cycle (containing one laser pulse). The raw data that is periodically written to the computer's hard drive during data collection consists of an (x, y, t) triplet describing each detected ion. This raw data may be filtered and binned in a variety of ways during post-processing in order to extract desired experimental observables. Successive cycles may be coadded to improve the signal-to-noise ratio.
Once an ion detection cycle has begun, the TDCs cannot detect another ion for approximately 1 µs. Average ion count rates are restricted to < 30 kHz to ensure linear response.
Time-independent signals may be removed by subtracting, at each bin in the m/z dimension, the average signal taken before the photodissociation laser is fired. Finally, the background-subtracted signal at each photon energy is normalized for the ALS photon flux, as measured by a calibrated, VUV-sensitive photodiode.
III. RESULTS
In this section we describe the performance of the instrument and the new insights these capabilities offer for addressing contemporary problems in chemical kinetics. The performance of the mass spectrometer will be described first, followed by an illustration of the multi-dimensional nature of the data.
A. Time-independent mass spectrometry
The performance of the mass spectrometer can be evaluated in a time-independent measurement (i.e., without the photolysis laser) in which a mixture containing 0.01% This artifact appears to arise from fringing fields of the permanent magnet that protrude into the detector.
Periodic variation in ion intensity is also visible in The mass spectrum is calibrated with a standard mixture of equal parts CH 4 , C 2 H 4 , C 3 H 6 , 1-C 4 H 8 , Kr, and Xe. These gases provide a wide range of masses (16 -136 amu) and ionization energies (9.55 -14.00 eV).
B. Three-dimensional time-resolved mass spectrometry
When the photolysis laser is used to create a population of free radicals inside the the chemical reaction mechanism under study. As an example, in the CH + C 2 H 2 C 3 H 2 + H reaction, we find that different isomers of the C 3 H 2 product react at different rates. 22 Specifically, we observe that the triplet propargylene isomer (HCCCH, IE = 8.96
eV) reacts 4 times faster than the cyclic cyclopropenylidene isomer (c-C 3 H 2 , IE = 9.15 eV). We can obtain this result cleanly because for a given mass, data within any subset of reaction time and photon energy can be extracted to test and cross check a hypothesis.
C. Sensitivity
It is useful to have a quantitative measure of the sensitivity of the apparatus when considering feasibility of an experiment. In this discussion we consider collecting data at a single photon energy E, summing the events observed over a single peak in the mass spectrum. We denote S i (E) as the ion counts per time bin in an experiment for species i ionized at photon energy E:
where N i is the density of the neutral species in the reactor tube, r p the radius of the pinhole, x the distance along the molecular beam from the pinhole to the point of ionization, σ i (E) the photoionization cross section, d beam the width of the molecular beam in the direction of the VUV propagation from which ions are collected, n ph the number of ionizing photons s -1 , ∆t bin the temporal width of each time bin, τ ms the mass spectrometer transmission, Φ det the detection efficiency of ions incident on the detector, C the number of cycles (laser pulses) averaged, and m i the mass of the detected species.
The term in square brackets in Eq. 2 is the fractional decrease in density of species i at a distance x downstream from the pinhole. 23 This expression is accurate to within 1%
for purely effusive flow when x > 8r p , as is the case in our instrument. Because the actual flow is not purely effusive, the term in brackets is a lower limit to the true fractional density at distance x.
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The final term is the square root of the ratio of the mass of the detected species to that of the bath gas, helium. This mass discrimination factor has been discussed by Hsu and Tung. 24 They measured its value in a similar sampling configuration and confirmed that heavier species are more concentrated on the centerline of the expansion in proportion to the square root of their mass. Our mass spectra of the standard calibration mixture mentioned in section III.A lead to the same conclusion. It appears there is no a priori compares favorably to the measured signal of 1062 ± 33 counts bin -1 . We attribute the discrepancy in these values to inaccuracy in our estimates of τ ms , Φ det , and n ph .
Because our apparatus counts single ions, the random uncertainty is governed by
Poisson statistics, where the standard deviation is related to the mean by σ = µ 0.5 .
Therefore, a useful approach for utilizing Eq. 2 is to decide what signal-to-noise ratio is required, for example S/N = 20 = S i (E) 0.5 , which can be achieved with S i (E) = 400 counts timebin -1 . Equation 2 can be solved for N i , giving the minimum density of species i that will yield the required signal-to-noise ratio. Combining constants yields the practical equation:
We commonly use coarser temporal binning than in Fig. 6 , usually ∆t bin = 250 µs. When the focus of an experiment is on the identification of isomeric composition, rather than extraction of quantitative rate coefficients, the acquired time profiles may be used simply to distinguish photolysis products, primary reaction products, secondary reaction products, and impurities. In these cases the sensitivity of the experiment is often much higher than indicated by Eq. 3, because one may integrate over a long time range when extracting an (E, m/z) image, from which PIE curves are extracted. In this case, ∆t bin in Eq. 3 may be replaced by the total integration time. Using the parameters of the previous example, but with a typical integration of 80 ms of reaction time, the same S/N = 10 can be achieved in only 1 minute of signal averaging at a much lower molecular density of N i = 2.6 x 10 9 cm -3 .
D. Temporal instrument response function
As discussed in section II.D, the 20 MHz oscillator that determines the "timestamp"
of each recorded ion limits the temporal resolution of the detection system to 50 ns. This resolution is more than sufficient for our purposes because the gas dynamics of the 22 expansion imposes the fundamental limit on the fastest kinetic signal we can measure.
Taatjes, 26 building on earlier work of Moore and Carr, 27 has examined the effect of the molecular velocity distribution on the determination of rate coefficients in time-resolved mass spectrometry.
The kinetic traces we obtain are a convolution of the true species temporal profiles with the instrument response function. If we could ionize neutral molecules inside the pinhole of the reactor tube, and transport the ions instantaneously (and without collisions)
to the mass spectrometer, the true temporal profile of the species would be measured. In reality, the point of ionization is 2.5 cm downstream from the pinhole, resulting in two effects on the temporal response function. In the limit of a purely effusive expansion, the mean velocity of helium at 298 K is u = 1255 m s -1 , whereas that for acetone is 330 m s -1 , corresponding to delay times t d = 20
and 76 µs, respectively. In effusive sampling, the full width spread in arrival time ∆t d is on the same order as t d , and Taatjes 26 and Carr 27 give a rule of thumb that systematic errors in measuring a first-order rate coefficient k will be essentially negligible if k∆t d < 0.1. For mass 58 (e.g., acetone) this rule suggests that reaction conditions should be adjusted so that k < 1300 s -1 . In the supersonic limit, the heavier molecules adopt the same mean speed as the carrier gas; in this case t d doesn't depend on mass and is smaller than in the effusive limit.
Examining to the inherent time resolution of the detector and electronics, but is orders of magnitude faster than the gas dynamics timescales discussed above, which will therefore limit the overall response time. In Fig. 6b , the photolysis laser fires at 20.000 ms. The acetone signal falls halfway to its final value in ~ 50 µs. The instrument response time is therefore not much larger than 50 µs, in agreement with the calculation above for mass 58 (acetone) in a purely effusive source.
The apparatus should be able to measure first order rate coefficients with good fidelity for k < 2000 s -1 . The lower limit for rate coefficient measurements is usually set by the rate at which the radical under study undergoes first-order loss on the walls of the reactor. This value varies with each species and particular coating of the reactor, but is typically in the range of 3 < k wall < 30 s -1 . For example, in the self reaction of allyl radicals (C 3 H 5 ), we measure k wall = 13 s -1 while measuring the apparent pseudo first-order
0 over the range 60 -640 s -1 .
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E. Quantitative determination of isomer fractions
In this section we give a brief example of the quantitative determination of isomer ratios. Figure 7 shows a measurement of a known mixture of C 3 H 4 isomers that is comprised of 28% allene (H 2 CCCH 2 ) and 72% propyne (HCCCH 3 ). Allene has an IE of 9.692 eV with a gradual onset, whereas propyne has an IE of 10.36 eV with an abrupt onset, as demonstrated by their respective PIE curves plotted in Fig. 7 . From the observed signal S(E) at m/z = 40, we can quantify the mole fractions X i of each isomer in the mixture if we know the absolute photoionization efficiency curves 29, 30 σ i (E) of each isomer. We fit the data to the following equation:
where the σ i (E) act as basis functions for each of m isomers. In the case of Fig. 7 , the best fit yields a measurement of 30% allene and 70% propyne. Note that allene (the isomer with the lower IE) can be detected independently of propyne for E < 10.36 eV, but propyne may not be detected independently of allene.
IV. CONCLUSIONS
We have constructed a multiplexed time-and photon-energy-resolved photoionization mass spectrometer for the study of the kinetics of gas phase, neutral chemical reactions. When quasi-continuous, tunable VUV synchrotron radiation is used for photoionization, the apparatus produces a 3-dimensional data cube S(m/z, t, E) from which 2-D images and 1-D profiles of the data may be extracted. This highly multiplexed approach provides new insights into reaction mechanisms, reduces the effect of systematic errors, and enables valuable cross checks in the interpretation of data.
In addition to the mass selectivity inherent in mass spectrometry, the apparatus enables resolution of different structural isomers by measuring photoionization efficiency curves. This capability of probing isomer-resolved chemical kinetics simultaneously for all species in a reaction system holds great promise for the study of contemporary problems in reaction mechanisms. 
